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Invasion note

Jumping ship: a stepping stone event mediating transfer of
a non-indigenous species via a potentially unsuitable environment
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Abstract

The smooth shelled blue mussel,Mytilus galloprovincialisLmk (Bivalvia: Mollusca) arrived in Pearl Harbor, Oahu,
Hawai’i on 22 June 1998 as a member of the fouling community of theUSS Missouri, and mussel spawning activity
was observed within 2 h of the vessel’s arrival. Small mussels (<10 mm shell length, approximately 6 weeks post-
metamorphosis) were collected on 30 September 1998 from a submarine ballast tank in Pearl Harbor, indicating
that a successful recruitment event had taken place very soon after the first arrival of the species at this location. We
suggest that even ifM. galloprovincialisis not able to establish permanently within Pearl Harbor, the fact that it has
been able to successfully spawn and recruit to another shipping vector within the Harbor indicates that a ‘stepping
stone’ model of range expansion from temperate to temperate region via an intermediary subtropical environment
is quite feasible for this species. Data from worldwide distributions of mussels of the family Mytilidae indicate
that preferred habitats are eutrophic continental shelf regions, which suggests that successful establishment within
Pearl Harbor is possible. However, oceanic coral-reef environments are not preferred habitat types, suggesting that
M. galloprovincialisis not likely to become widely distributed in the Hawaiian Islands.

Introduction

The present paper describes an example of a novel
stepping stone mechanism of invasion by which a
species can move from one environment, via a non-
colonizable environment, to a new and potentially
hospitable environment. Adult smooth shelled blue
mussels (Mytilus galloprovincialis) from northwest
North America (a cool temperate environment) were
identified as invaders into the subtropical environ-
ment of Pearl Harbor, Oahu, Hawai’i. Subsequent to
this, we identified a successful recruitment event of
M. galloprovincialisto another vessel in Pearl Harbor.
The spawning event and the subsequent successful

recruitment event to another potential vector indicate
that even ifM. galloprovincialisdoes not become estab-
lished permanently in Pearl Harbor it is possible for
this species to use the locality as a stepping stone for
further invasions. The stepping stone mechanism of
invasion reported here illustrates how important pre-
vention of even temporary invasions can be to the over-
all processes involved in anthropogenic introductions
worldwide.

M. galloprovincialisLamarck is one of three species
of smooth shelled blue mussels, the other two
being M. edulis Linnaeus andM. trossulusGould.
M. galloprovincialis is the most widely distributed
of the three species and typically occurs in warm
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temperate regions of full salinity. It is found naturally
on Atlantic coasts of southwest Europe (Gardner 1992,
1994; Seed 1992), in the Mediterranean Sea (Quesada
et al. 1995), and in Australia and New Zealand
(McDonald et al. 1991; Hilbish et al. 2000). This
species has a history of successful invasions into new
regions. Known or putative records of invasions include
Japan (Wilkins et al. 1983), Hong Kong (Lee and
Morton 1985), South Africa (Grant and Cherry 1985),
and California (Geller 1999). Evidence (which is some-
times circumstantial) indicates that all of these inva-
sions have occurred within the last 150 years, and most
of them during the 20th century. The vector of intro-
duction of M. galloprovincialis into these regions is
suspected to be hull fouling and/or ballast water. This
species, like so many other marine invertebrates, is a
member of the fouling community, has a larval life
duration of approximately 4 weeks, and is tolerant of
environment stress. These attributes mean that it has
the potential to be widely distributed as an invader by
shipping (Carlton 1989; Carlton and Geller 1993).

Evidence from these invaded locations indicates
that M. galloprovincialisis a competitively dominant
species and is likely to have either established itself
alongside pre-existing competitors or to have displaced
an established species. For example, there is no record
of M. galloprovincialisfrom Japan prior to the 1930s
but it now occurs extensively throughout much of the
country (Wilkins et al. 1983), and similarly, there is no
record of this species from South Africa prior to the
1960s but it is now widely distributed throughout the
region. An analysis of length–frequency distributions
of smooth shelled blue mussels in Victoria Harbour,
Hong Kong, indicated thatM. galloprovincialiswas
probably introduced into this subtropical region in
1981 (Lee and Morton 1985). More recent evidence
based upon molecular analysis of museum material
indicates that the extensive populations ofM. gallo-
provincialisthroughout California have become estab-
lished since the late 1800s and have competitively
excluded the nativeM. trossulusfrom much of its south-
ern range on the Pacific coast of North America (Geller
1999). Although exact details are unknown, it appears
that once established this species can spread exten-
sively from the initial point source(s) of introduction.
Thus, based on information from a variety of different
geographic locations,M. galloprovincialisshould be
viewed as an important marine invasive species with
the ability to readily become established and/or to

out-compete native species in many warm temperate
regions and also some subtropical regions of the world.

Materials and methods

Mussel collection

Three large mussels (each≈ 90 mm shell length) were
collected from the hull fouling community of theUSS
Missouri, when the vessel arrived in Pearl Harbor,
Hawai’i on 22 June 1998 (Bishop Museum collection
number BPBM MO254424). Small mussels (in the
range 2–8 mm shell length) were collected from the
ballast tank of a US Navy submarine in Pearl Harbor,
Hawai’i on 30 September 1998 (Bishop Museum col-
lection number BPBM 257065). Ethanol preserved
samples were sent to School of Biological Sciences,
Victoria University of Wellington, New Zealand, for
analysis. For comparative purposes, specimens of
M. eduliswere received from Wales, UK,M. edulis
andM. trossuluswere received from Newfoundland,
Canada, andM. galloprovincialiswere collected from
Wellington Harbour, New Zealand.

DNA extraction and PCR amplification

Total DNA was extracted according to Rawson and
Hilbish (1995) from entire small mussels (includ-
ing their shell) or from small tissue samples of
larger mussels. DNA was amplified by PCR using
the primers JH-5: 5′-GTA GGA ACA AAG CAT GAA
CCA-3′ and JH-54: 5′-GGG GGG ATA AGT TTT CTT
AGG-3′, designed from part of the ‘giant exon’ of the
polyphenolic adhesive protein locus (Rawson et al.
1996). PCR products obtained using this primer
set can be used to distinguish amongM. edulis,
M. galloprovincialis, and M. trossulusby their size
differences (Rawson et al. 1996). PCR amplification
was performed in a final volume of 25µl containing
50 ng of total cellular DNA, 0.5µM of each primer,
250µM of each dNTP, 1.5 mM MgCl2, 1× PCR reac-
tion buffer (20 mM Tris–HCl, pH 8.4; 50 mM KCl),
and 0.25 units Taq DNA Polymerase (Gibco BRL).
Samples were denatured at 94◦C for 3 min followed
by 30 cycles at 94◦C for 40 s, 55◦C for 40 s, 72◦C for
1 min, and a final extension at 72◦C for 10 min. PCR
products were checked for yield on 1% agarose gels
and sized with a 100 bp PCR Molecular Ruler (Biorad)
standard.
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Results

Nuclear DNA from smooth shelled blue mussels was
amplified using primers JH-5 and JH-54 (Rawson
and Hilbish 1995). These primers amplify species-
specific target fragments which differentiate the three
taxaM. edulis, M. trossulusandM. galloprovincialis
(Rawson et al. 1996). PCR products were larger
than stated in the literature when sized with the
100 bp PCR Molecular Ruler or when compared to
the Msp I digested pBR322 DNA that was employed
by Rawson and Hilbish (1995). The correct size of
the amplified DNA regions is obtained after subtract-
ing the length of the two primers (total of 21+
21 = 42 bp) from the PCR products. Samples from
Wales (UK) exhibited 350 or 380 bp fragments char-
acteristic of M. edulis, DNA amplified from mus-
sels from Wellington (New Zealand) resulted in a
300 bp product characteristic ofM. galloprovincialis,
and Newfoundland (Canada) samples ofM. edulisand
M. trossulusyielded the 350 bp band characteristic of
M. edulisor exhibited the 240 bp band characteristic
of M. trossulus(Figure 1). PCR products of all nine
Pearl Harbor mussels were 300 bp in length (in some
individuals a very faint 500 bp fragment can also be
seen). We therefore conclude that these Pearl Harbor
blue mussels are allM. galloprovincialis.

It should be noted that all amplifications of the
Welsh, Canadian and New Zealand mussels, and of
some of the Pearl Harbor mussels, resulted in additional
non-specific fragments. These bands gave a weak sig-
nal, were between 600 bp and 2 kb in size, and thus
did not interfere with the diagnostic bands. The non-
specific bands are probably the result of the 3′-end of
the JH54 primer not corresponding exactly to the ‘giant
exon’ of the polyphenolic adhesive protein.

Discussion

Before arriving in Pearl Harbor theUSS Missouriwas
moored at Bremerton, Puget Sound, Washington, on
the Pacific coast of the USA. Bremerton is a military
reserve area with a naval decommissioning yard which
is in close proximity to aM. galloprovincialisaqua-
culture operation that was probably the source of the
hull fouling mussels. In preparation for its voyage to
Hawai’i theUSS Missouriwas transferred to Astoria,
Oregon, where it was moored for 9 days at a distance of

Figure 1. One percent agarose gel showing PCR products char-
acteristic of the threeMytilus species. Lanes 1 and 15, 100 bp
PCR Molecular Ruler (Biorad); lane 2, negative control; lane 3,
M. trossulus; lanes 4 and 14,M. galloprovincialis;lane 5,M. edulis
(350 bp fragment); lane 6,M. edulis(380 bp fragment); lanes 7–9,
large Pearl HarborM. galloprovincialis; lanes 10–13, small Pearl
HarborM. galloprovincialis.

19.5 km up the Columbia River in an attempt to prevent
biological introductions to Pearl Harbor (Brock et al.
1999). Salinity data recorded from around theUSS
Missouri while moored in the Astoria River indicate
that the deepest part of the vessel’s hull (at∼ 10 m
depth and where mussel fouling was greatest) was sub-
ject to salinity in the range 2–10 ppt, i.e., brackish but
not fresh water (Belt Collins Hawaii 1998). After this
attempt to kill the fouling community the vessel was
towed for approximately 2 weeks across the Pacific
Ocean before arriving at Pearl Harbor on 22 June 1998.
Approximately 2 h after its arrival in Pearl Harbor staff
of the Bishop Museum observed spawning activity of
mussels associated with the fouling community of the
USS Missouri(DeFelice and Godwin 1999). Temper-
ature change is a mechanism well known to induce
spawning activity in mussels (Buchanan and Babcock
1997; Utting and Spencer 1997) and it seems likely that
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mussels which survived the brackish water immersion
in Oregon and the trip to Hawai’i were responding in
this fashion to the elevated temperature of Pearl Harbor
compared with the cooler temperatures of Washington
and Oregon. Thus, spawning ofM. galloprovincialisof
the hull fouling community of theUSS Missouriwould
have begun almost immediately upon arrival in Pearl
Harbor and observations indicate that it is likely to have
continued for several weeks, and possibly for a period
of months. Water temperature in Pearl Harbor at this
time of year is approximately 26◦C (B. Nedved, Uni-
versity of Hawai’i, pers. comm.), a temperature which
would reduce the usual larval span of 3–4 weeks to
perhaps 2–3 weeks (Chipperfield 1953; Gardner, pers.
obs.). Thus, settlement of the firstM. galloprovincialis
spat derived from the fouling community of theUSS
Missouri in Pearl Harbor is unlikely to have occurred
before early July 1998.

The newly settled mussels were collected on 30
September 1998 from the ballast tanks of a submarine
in dry dock within Pearl Harbor, its home base. The
size of these mussels (2–8 mm shell length) indicates
that they are very young, probably only 4–6 weeks old
given the environmental conditions conducive to rapid
bivalve growth in Pearl Harbor. This gives a total age
for these animals of about 9 weeks (a likely maximum
of 3 weeks larval duration and 6 weeks of juvenile
duration). Thus, they must be derived from a successful
spawning event which occurred about the last week of
July, 1998. This timing is consistent with the continued
spawning activity of the hull fouling mussels of the
USS Missouriapproximately 5 weeks after the vessel’s
arrival in Pearl Harbor. According to naval personnel,
the submarine had been in Pearl Harbor for the previ-
ous year and its ballast tanks had received a thorough
cleaning 4 months prior to the discovery of the juvenile
mussels analysed in the present study. The proximity of
the submarine docks to theUSS Missouri(about 1 km
apart) and the biological evidence strongly suggest that
the newly settledM. galloprovincialiscollected from
the submarine recruited from a successful spawning
event of the mussels still attached to theUSS Missouri.

M. galloprovincialis has had its range extended
by shipping traffic into the Pacific subtropical envi-
ronment of Pearl Harbor, and having reproduced and
recruited to another suitable vector within the Harbor
(in this case a submarine, but other vectors are just
as possible), it could be transported to other locali-
ties as an invasive species. The importance of such a
‘stepping stone’ mechanism of invasion for this species

is unknown, but given the species’s history of inva-
sions might well prove to be significant. Invasions of
M. galloprovincialisare not restricted to warm tem-
perate regions, but include Hong Kong (Lee and
Morton, 1985), indicating that the distribution of
this species can extend into subtropical environments.
Taylor (1997) points out that the number of species
of the family Mytilidae is strongly associated with
eutrophic environments. For example, there are four to
seven times more species on continental shores than on
oceanic atolls. Taylor (1997, p.184) notes that ‘There
are, for instance, twice as many species (of the fam-
ily Mytilidae) recorded from Hong Kong as for the
entire Hawaiian Islands. Mytilid species are frequently
major space-occupying organisms on hard substrates
on shores in eutrophic areas, but are generally subordi-
nate in oceanic coral-reef environments.’ With regard
to predicting the possible outcome of the introduction
of M. galloprovincialisinto Pearl Harbor it appears that
the eutrophic environment of the harbor itself is pos-
sibly a suitable environment for the establishment of
permanent populations. However, as the environment
changes outside the immediate harbor it is possible
that M. galloprovincialiswill be much less success-
ful in spreading into the oceanic coral-reef habitat, in
accordance with Taylor’s (1997) general observations.

An effort was made to kill the temperate fouling
community of theUSS Missouribefore the vessel was
transferred to Pearl Harbor. In their study of the effi-
cacy of the treatment Brock et al. (1999) conclude
that the immersion in brackish water and the subse-
quent transoceanic towing of the vessel proved to be
‘extremely effective’ in killing the fouling community.
However, 11 marine taxa in the fouling community
were alive when the vessel arrived in Pearl Harbor
(Brock et al. 1999), and as the present paper demon-
strates, at least one species in this new environment was
able to spawn and successfully recruit to another vector
of potential transfer. Eighty-three days after the arrival
of the USS Missouriall hull fouling organisms were
reported to be dead (Brock et al. 1999). We believe
that this reflects not only the efficacy of the attempt to
kill the fouling community (which was, in fact, only
partially successful: Brock et al. 1999) but also the
pronounced differences in the ecological and hydro-
graphic conditions in Pearl Harbor compared to the
prior habitat of these organisms in the Northwestern
USA (a point not mentioned by Brock et al. 1999). The
important point of the present study is the identification
of a novel mode of translocation of this species, namely
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a ‘stepping stone’ process whereby the species is
introduced into an area for sufficient time to allow
spawning and the subsequent recruitment to a suitable
vector for translocation to another, perhaps more
favourable region. Thus, even ifM. galloprovincialis
does not ultimately survive in Pearl Harbor (it has not
been reported in several recent surveys of the area),
the ‘stepping stone’ process recorded here illustrates
how important prevention of even temporary invasions
can be to the overall processes involved in anthro-
pogenic marine introductions worldwide. Furthermore,
this study demonstrates the important role of a range
of tools (molecular, cytogenetic, etc.) in investigating
and reconstructing the histories of biological invasions
(Geller 1996; Holland et al. 1999; Holland 2000).
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